Abstract: This paper explores how to handle multiple criteria decision-making (MCDM) problems in which the criteria values of alternatives take the form of comparative linguistic expressions. Firstly, the new concept of hesitant trapezoidal fuzzy numbers (HTrFNs) is provided to model the semantics of the comparative linguistic expressions. Then, the operational laws and the distance measures of HTrFNs are presented. Afterwards, a useful outranking method, the hesitant trapezoidal fuzzy QUALIFLEX method, is developed to handle the MCDM problems with hierarchical structure in the environment of HTrFN. At length, the proposed method is applied to evaluating green supply chain initiatives in order to achieve sustainable economic and environmental performance, and a case study concerned with a fashion retail chain is presented to demonstrate its feasibility and applicability, also, a comparative analysis with other relevant approaches is conducted to validate the effectiveness of the proposed method.
Introduction
With the increase of public awareness of the need to protect the environment, it is urgent for businesses to introduce and promote business practices that help ease the negative impacts of their actions on the environment [1] . Green supply chain management (GSCM) has proven to be a useful way for companies to obtain profit and market share objectives by lowering environmental impacts and improving ecological efficiency. In general, the GSCM initiatives consist of green manufacturing initiatives (such as green design), green supplier initiatives (such as environmentally-friendly raw materials), green logistics initiatives (such as green packaging), green marketing initiatives, etc. The successful implementation of suitable green initiatives could assist companies to generate higher revenues and improve their competitive advantages. However, how to choose appropriate GSCM initiatives is a complex task, which not only requires a trade-off between the benefits and cost involved, but also takes the operational and environmental performance into account [1] . This is a typical multiple criteria decision-making (MCDM) problem.
It is quite common that in the real-life world, decision-makers (DMs) employ linguistic terms to express their opinions for evaluating qualitative MCDM problems. For example, when evaluating the innovation capacity of a company that implements GSCM initiatives, the DMs may utilize the linguistic terms like "high" or "low" instead of numerical values to express their assessments. Zadeh [2] introduced the linguistic fuzzy approach to model such linguistic terms in the MCDM problems. Afterwards, the linguistic fuzzy approach has further been extended into several different linguistic Usually, the TrFNs are good enough to capture the uncertainty and vagueness of linguistic terms, and the relationships between the linguistic term set with a seven-point rating scale and the TrFNs are shown in Table 1 . Table 1 . Linguistic terms and the corresponding trapezoidal fuzzy numbers (TrFNs).
Ratings
Abbreviation TrFNs In some real-life MCDM cases, the DMs may hesitate among several possible values to express their assessments. The hesitant fuzzy set (HFS) is a good tool to capture these hesitant situations, which is introduced as follows: Definition 2. Let X be a reference set [23] ; a HFS Q on X is defined in terms of a function h Q (x) when applied to X returning a subset of [0, 1].
Xia and Xu [24] expressed the HFS by a mathematical symbol:
where h Q (x) is a set of some different values in [0, 1] , representing the possible membership degrees of the element x ∈ X to Q. For convenience, they called h Q (x) a hesitant fuzzy element (HFE), denoted by h = {γ f | f = 1, 2, · · · , #h} (#h is the number of all elements in h). Given three HFEs represented by h, h 1 and h 2 , respectively, and letting λ > 0, then the operations of HFEs are defined as [24] :
To handle the qualitative hesitant situations, Rodriguez et al. [10] introduced the concept of HFLTS, which is shown as below: Definition 3. Let S be a linguistic term set, S = {s 0 , · · · , s g } [10] ; an HFLTS H S is an ordered finite subset of consecutive linguistic terms of S. Generally, the H S is denoted by H s = {s i , s i+1 , · · · , s j } where
Remark 2.
The HFLTS H S is reduced to the linguistic variable [2] if the HFLTS H S only contains a single linguistic term. Namely, the linguistic variable is the special case of the H S and the linguistic variable s i ∈ S can also be rewritten as an HFLTS H S = {s i }.
New Concept of Hesitant Trapezoidal Fuzzy Sets
Based on the concepts and operational laws of TrFNs and HFEs, we present a new concept of the hesitant trapezoidal fuzzy set, which is good enough to represent the vagueness of the HFLTS. Definition 4. Let X be a fixed set; a hesitant trapezoidal fuzzy set Q on X is defined as:
where h Q (x) is a set of different normalized TrFNs, representing the possible membership degrees of the element
is a normalized TrFN and # h is the number of all TrFNs in h.
Remark 3. The HTrFN h is a full HTrFN if
, which is denoted by
Obviously, the full HTrFN 1 is the maximal HTrFN, which is also called the ideal HTrFN. The HTrFN h is a TrFN if # h = 1. In other words, the TrFN is the special case of the HTrFN. The HTrFN h is a hesitant triangular fuzzy number [25] 
According to the definition of HTrFNs, it is easy to note that HTrFNs are suitable to capture and represent the uncertainty and vagueness of the HFLTS. 
and the relations between the two HFLTSs and their corresponding HTrFNs are depicted in Figure 1 .
As far as we know, Liu and Rodríguez [13] suggested the use of TrFNs to capture the vagueness of HFLTSs, and the TrFNs envelopes of H 1 S and H 2 S are obtained as below:
We put the results obtained by the proposed method and Liu and Rodriguez's [13] proposal in Figure 2 in order to provide a better view of the comparison results. As far as we know, Liu and Rodríguez [13] suggested the use of TrFNs to capture the vagueness of HFLTSs, and the TrFNs envelopes of As far as we know, Liu and Rodríguez [13] suggested the use of TrFNs to capture the vagueness of HFLTSs, and the TrFNs envelopes of It can be easily seen from Figure 2 that the HTrFNs take the semantics of each linguistic term of the HFLTSs into account; while Liu and Rodriguez's [13] proposal uses the TrFNs to represent the semantics of HFLTS, which is relatively complex because the TrFNs are obtained by aggregating the fuzzy membership functions of the linguistic terms of the HFLTS using the OWA (ordered weighted averaging) aggregation operator. It can be easily seen from Figure 2 that the HTrFNs take the semantics of each linguistic term of the HFLTSs into account; while Liu and Rodriguez's [13] proposal uses the TrFNs to represent the semantics of HFLTS, which is relatively complex because the TrFNs are obtained by aggregating the fuzzy membership functions of the linguistic terms of the HFLTS using the OWA (ordered weighted averaging) aggregation operator.
Inspired by the operations on HFEs and TrFNs, we present the basic operations of HTrFNs.
Definition 5.
Let h, h 1 and h 2 be three HTrFNs; some operations of HTrFNs are defined as:
Proposition 1.
Let h, h 1 and h 2 be three HTrFNs, then:
According to Definition 4, it is not hard to obtain the conclusions in Proposition 1 (the proof is omitted).
It is worthwhile to point out that the number of TrFNs in different HTrFNs may be different. In such cases, we should extend the shorter one until both of them have the same length when we compare them. To extend the shorter one, the best way is to add some TrFNs in it. Inspired by the similar techniques in [26] [27] [28] , we extend the shorter one by adding the TrFN in it which mainly depends on the DMs' risk preferences. The optimists anticipate the desirable outcomes and may add the maximum TrFN, while the pessimists expect the unfavorable outcomes and may add the minimum TrFN. Here, we employ the sign distance method [29] to compare the magnitude of TrFNs and further to identify the maximum TrFN or minimum TrFN.
Next, two distance measures for HTrFNs are proposed as follows:
, the hesitant trapezoidal Hamming distance between them is defined as:
and the hesitant trapezoidal Euclidean distance between them is defined as:
It is easy to prove that they are metric, and here, the processes of the proof are omitted.
Furthermore, we define the signed distance of HTrFNs and present a signed distance-based ranking approach to compare the magnitude of HTrFNs:
h be an HTrFN and 1 be the ideal HTrFN, then the signed distance between h and 1 is defined as:
For two HTrFNs h 1 and h 2 , it is easy to note that their signed distances d S ( h 1 , 1) and d S ( h 2 , 1) are real numbers, and they satisfy linear ordering, namely one of the following three conditions must hold:
Thus, a signed distance-based ranking approach for HTrFNs is introduced as below:
Hesitant Trapezoidal Fuzzy QUALIFLEX Analysis Method
This section establishes a decision-making environment based on HTrFNs for a hierarchical MCDM problem in which the criteria values take the form of CLEs and further presents a hesitant trapezoidal fuzzy QUALIFLEX method to solve such a hierarchical MCDM problem.
Description of the Hierarchical MCDM Problem with HTrFNs
The MCDM is usual to find the best compromise solution from a set of feasible alternatives characterized with multiple competing criteria. This study focuses on a hierarchical MCDM problem with a two-layer structure, which usually involves a given set of main criteria and the corresponding sets of sub-criteria. The framework of the hierarchical MCDM problem is shown in Figure 3 . We assume that such a hierarchical MCDM problem includes m alternatives i
, where # j C denotes the number of sub-criteria in the main criterion j C . The total number of sub-criteria is equal to
The DM evaluates the alternatives with respect to each sub-criterion of each main criterion using the CLEs, which can be captured by HTrFNs. From a computational point of view, the MCDM problem with CLEs is equivalent to the MCDM problem in We assume that such a hierarchical MCDM problem includes m alternatives A i (i = 1, 2, · · · , m) and n main criteria C j (j = 1, 2, · · · , n).
Each main criterion C j has #C j sub-criteria
, where #C j denotes the number of sub-criteria in the main criterion C j . The total number of sub-criteria is equal to ∑ n j=1 #C j . The DM evaluates the alternatives with respect to each sub-criterion of each main criterion using the CLEs, which can be captured by HTrFNs. From a computational point of view, the MCDM problem with CLEs is equivalent to the MCDM problem in the HTrFN context. Each criterion value takes the form of an HTrFN, and the alternative A i (i = 1, 2, · · · , m) is evaluated with respect to the sub-criterion C j(k) (k = 1, 2, · · · , #C j ) of the main criterion C j (j = 1, 2, · · · , n). Let h ij(k) represent the criterion value of the ith alternative under the kth sub-criterion of the jth main criterion and be denoted by
Let w j denote the weight of the main criterion C j and w j(k) represent the weight of the sub-criterion C j(k) , and they satisfy the normalization
Thus, the hierarchical MCDM problem with the two-layer structure in the HTrFN context can be concisely expressed in an HTrFN decision matrix as:
The Proposed Method
In what follows, a hesitant trapezoidal fuzzy QUALIFLEX method is proposed to effectively solve the aforementioned hierarchical MCDM problem. This approach starts with the computation of the concordance/discordance index based on the successive permutations of all possible rankings of alternatives. Considering that the decision information takes the form of HTrFNs, this study utilizes a signed distance-based ranking approach introduced in Section 2 to compute the corresponding concordance/discordance index.
For the set of alternatives A = (A 1 , A 2 , · · · , A m ), there exist m! permutations of the ranking of all alternatives. Let P ρ denote the ρth permutation as:
where A ξ , A ζ ∈ A and the alternative A ξ is ranked higher than or equal to A ζ . Therefore, the concordance/discordance index φ ρ j(k) (A ξ , A ζ ) for each pair of alternatives (A ξ , A ζ ), at the level of preorder according to the kth sub-criterion within the jth main criterion and the ranking corresponding to the ρth permutation, can be defined as:
where d S (•, 1) is the signed distance of HTrFNs defined in Equation (6) . From Equation (9), we can conclude that:
, then A ξ ranks over A ζ under the kth sub-criterion within the jth main criterion; thus, there is concordance between the signed distance-based ranking orders and the preorders of A ξ and A ζ ;
, then both A ξ and A ζ have the same rank in the signed distance-based ranking;
, then A ζ ranks over A ξ ; thus, there is discordance between the signed distance-based ranking orders and the preorders of A ξ and A ζ .
Thus, the three cases of the concordance/discordance index φ ρ j(k) (A ξ , A ζ ) can be rewritten as:
Furthermore, considering that the aforementioned MCDM problem is of a two-layer structure, which usually can be reflected only when the aggregations of the weighted values within each main criterion and sub-criterion are conducted [1, 30] , therefore, taking into account the importance weight w j(k) of each sub-criterion C j(k) within the jth main criterion, the weighted concordance/discordance index φ ρ j (A ξ , A ζ ) for each pair of alternatives (A ξ , A ζ ), at the level of preorder according to the jth main criterion with #C j sub-criteria and the ranking corresponding to the ρth permutation, can be defined as:
Similarly, the weighted concordance/discordance index φ ρ (A ξ , A ζ ) for each pair of alternatives (A ξ , A ζ ), at the level of preorder according to n main criteria and the ranking corresponding to the ρth permutation, can be defined as:
Correspondingly, the comprehensive concordance/discordance index φ ρ for the ρth permutation can be defined as:
It is found that the bigger the comprehensive concordance/discordance index value is, the better the ranking order of alternatives is. Thus, the optimal ranking order of alternatives is determined by comparing the values φ ρ of each permutation P ρ .
The Proposed Algorithm
Now, we present the algorithm of the proposed approach to solve the aforementioned MCDM problem, which can be summarized as follows:
Step 1. Identify the CLEs for the DM to express his/her assessments in the evaluation process of the hierarchical MCDM problems. Let ll ij(k) represent the linguistic assessments of the ith alternative under the kth sub-criterion of the jth main criterion. Therefore, a linguistic decision matrix can be constructed as: ll = (ll ij(#c j ) ) m×n×(#c n ) .
Step 2. Transform the CLEs into HTrFNs based on HFLTSs and construct the hesitant trapezoidal fuzzy decision matrix H as that in Equation (7).
Step 3. List all of the possible m! permutations of the m alternatives that should be tested in the next steps. Let P ρ denote the ρth permutation as that in Equation (8) .
Step 4. Calculate the concordance/discordance index φ ρ j(k) (A ξ , A ζ ) by using Equation (9).
Step 5. Calculate the weighted concordance/discordance indices φ ρ j (A ξ , A ζ ) and the φ ρ (A ξ , A ζ ) by using Equations (11) and (12), respectively.
Step 6. Calculate the comprehensive concordance/discordance index φ ρ for each permutation P ρ by using Equation (13) .
Step 7. Determine the optimal ranking order of the alternatives. On the basis of the results in Step 6, the permutation with the maximal comprehensive concordance/discordance index φ ρ is the optimal ranking order of the alternatives, namely P * = max m! ρ=1 {φ ρ }.
A Case Study for the Evaluation of Green Supply Chain Initiatives
The evaluation problem of green supply chain initiatives adopted from [1] is used to demonstrate the implementation process of the proposed method. Additionally, the comparative analysis with other relevant methods is conducted.
Decision Context and the Analysis Process
In this paper, we consider an evaluation problem of green supply chain initiatives for which the manager of a fashion retail company makes a strategic decision to use new green materials in his products because he believes that such a move could improve sale ability and secure future growth in the wide market. An expert panel was formed to conduct an assessment that is concerned with three potential alternative implementation time windows in terms of the readiness to implement the green raw material. Through the panel discussion, the detailed sub-criteria under the four main criteria (manufacturing, purchasing, logistics and marketing) were identified in Table 2 , and the weights of the main criteria and sub-criteria are given and listed in Table 2 . Table 2 . A hierarchical structure for the decision-making problem. Then, the three alternative implementation time windows were evaluated with respect to the detailed sub-criteria in terms of the readiness to implement green raw material. Because of the lack of information and knowledge in the evaluation processes, it is difficult for the manager of the company to provide all of the assessments by means of single linguistic terms, and thus, the manager might hesitate among several linguistic terms and prefer to use CLEs to express her/his assessments. The comparative linguistic evaluation results for this problem are presented by the manager in Table 3 . (2) Between MG and G MG At least G C 1 (3) MP Between MP and F MP C 1 (4) At least MG G MG C 2 (1) Between P and MP MG P C 2 (2) G Between MP and F At least G C 2(3) P Between P and MP Between MP and F C 2 (4) F G MG C 3 (1) MP F MP C 3 (2) P MP At most P C 3(3) F At least MG F C 3(4) At most MP MP Between P and MP C 4 (1) MG MG At least MG C 4 (2) MG G At least G C 4(3) MP F F C 4(4) Between F and G At least MG F
In the following, the hesitant trapezoidal fuzzy QUALIFLEX approach is employed to evaluate the company's readiness to use green raw material and to choose a suitable time windows to implement the green raw material.
In Steps 1-2, based on the linguistic terms and their corresponding TrFNs given in Table 1 , the decision matrix with CLEs is converted into the hesitant trapezoidal fuzzy decision matrix. Then, the normalized HTrFN evaluation results of alternatives with respect to each sub-criterion in each main criterion are obtained and listed in Table 4 . Table 4 . Cont. Step 3, there are 6(= 3!) permutations of the rankings for all alternatives that must be tested:
Sub-Criteria

Alternatives
In Step 4, for each pair of alternatives (A ξ , A ζ ) in the permutation P ρ with respect to each sub-criterion C j(k) in each main criterion C j , the concordance/discordance index φ ρ j(k) (A ξ , A ζ ) can be calculated by employing Equation (9) , and the results are presented in Table 5 .
In
Step 5, the weighted concordance/discordance index φ ρ j (A ξ , A ζ ) and φ ρ (A ξ , A ζ ) can be obtained by using Equations (11) and (12), respectively. In Step 6, the comprehensive concordance/discordance index φ ρ can be obtained by using Equation (13) as below:
Step 7, according to the results obtained in Step 6, it is easy to see that P * = max 6 ρ=1 {φ ρ } = P 4 , namely A 2 A 3 A 1 . Therefore, implementing green raw material in six months (A 2 ) should be recommended among the three possible time windows. Table 5 . The results of the concordance/discordance index. 
Comparative Analysis
To demonstrate the superiority of the hesitant trapezoidal fuzzy QUALIFLEX approach, we make a comparative analysis with the TOPSIS method and the ELECTRE method. = T(0, 0, 0, 0), respectively. Then, we calculate the final weight W j(k) for each sub-criterion by using the following formula:
Thus, the final weight vector W = (W j(k) ) 4×4 in the green initiatives evaluation problem is obtained by using Equation (14) 
For the green initiatives evaluation problem, the corresponding D
and CI i are obtained by using Equations (5) and (15), respectively. The results are presented in Table 6 , together with the corresponding rankings on the basis of CI i . It is easy to see that the optimal order for these three possible time windows is A 2 A 3 A 1 , which is the same order obtained by using our proposed method. This is due to the fact that the concordance/discordance indices in the proposed approach are analogous to the hesitant trapezoidal fuzzy distances of each alternative to the HTrF-PIS and the HTrF-NIS in the modified TOPSIS approach. Therefore, the preferred alternatives obtained by our proposed method and the modified TOPSIS method are normally in agreement on the above green initiative evaluation problem. Obviously, the same optimal order results further validate the effectiveness of the proposed approach.
Comparative Analysis with the ELECTRE
By expanding the ELECTRE method, we propose a hierarchical fuzzy ELECTRE method to tackle the HTrFNs appropriately and apply it to solve the above problem. The signed distance-based ranking method of HTrFNs proposed in Section 2.2 is used to identify the concordance set and the discordance set. For each pair of alternatives A ξ and A ζ (ξ, ζ = 1, 2, · · · , m and ξ = ζ), the concordance set C ξζ is formulated as 1 )}, and the discordance set N ξζ is formulated as
Then, the concordance index e ξζ of the pair of (A ξ , A ζ ) is defined as e ξζ = ∑ . Based on the concordance threshold value e, the concordance dominance matrix is obtained as Q = (q ij ) m×m , where q ξζ = 1, if e ξζ ≥ e, and q ξζ = 0, if e ξζ < e.
In the above evaluation problem, the following results are obtained: 
Correspondingly, the discordance index is defined as:
, and the discordance threshold value τ is defined as:
.
Based on the discordance threshold value τ, the discordance dominance matrix R can be constructed as R = (t ij ) m×m , where t ξζ = 1, if τ ξζ ≤ τ, and t ξζ = 0, if τ ξζ > τ.
Therefore, in the above evaluation problem, the following results are obtained:
Finally, the aggregation dominance matrix Z is constructed by Z = Q ⊗ R, where each element z ξζ of Z is obtained by z ξζ = q ξζ × t ξζ . Thus, the aggregation dominance matrix Z in the above evaluation problem is obtained as:
It is easy to find from the dominance matrix Z that A 2 A 1 . However, we cannot discern the preference relations between A 2 and A 3 , as well as between A 1 and A 3 . In other words, the ranking orders of three possible timescale windows obtained by the hierarchical fuzzy ELECTRE approach are valueless. This is due to the fact that the hierarchical fuzzy ELECTRE approach is the preferred method for the MCDM problems with a large set of alternatives and a few criteria [31] . For the green initiative evaluation problem with a few alternatives and a large number of criteria described in Section 4.1, if we employ the hierarchical fuzzy ELECTRE method to deal with it, we fail to obtain the distinct ranking results of the alternatives; while our proposed approach can yield the distinct ranking results of the alternatives (A 2 A 3 A 1 ). Apparently, compared with the hierarchical fuzzy ELECTRE approach, for the MCDM problem with few alternatives and a large number of criteria, our proposed approach is more effective and reasonable. In addition, we also notice from their calculation processes mentioned above that under the HTrFN environment, the computation process of the hierarchical fuzzy ELECTRE method is more complex and cumbersome than our proposed approach. Thus, we can conclude that compared with the hierarchical fuzzy ELECTRE approach, our proposed method in terms of the MCDM problem with few alternatives and a large number of criteria cannot only get a reasonable decision solution, but also requires a relatively simple calculation process.
Conclusions
This study has presented a new concept of HTrFN to capture the semantic of CLEs. The HTrFNs with some possible membership degrees denoted by different TrFNs are appropriate to tackle the imprecise and ambiguous information in complex decision-making. The basic operational laws and distance measures of HTrFNs have also been developed. To solve the hierarchical MCDM problems with CLEs based on HTrFNs, we have proposed a hesitant trapezoidal fuzzy QUALIFLEX method. Based on the new signed distance-based ranking method of HTrFNs, this proposed method has developed a new measurement of concordance/discordance indices, which avoids the complicated calculations under the HTrFNs' environment. We have explored the green supply chain initiatives selection problem and applied our proposed method to assist the company to choose a suitable time windows to implement the green raw material. Compared with the aforementioned QUALIFLEX methods [17] [18] [19] [20] [21] [22] , our proposed method cannot only manage HTrFN decision data, but also deal effectively with the hierarchal structure of criteria. In addition, we have modified the ELECTRE method to adapt the HTrFN data and conducted a comparison analysis with our proposed method. Compared with the modified ELECTRE method, our proposed method can not only get a reasonable decision solution, but also requires a relatively simple calculation process.
In the future, we will develop a decision support system based on the proposed method to assist practitioners to deal with the evaluation of green supply chain initiatives. On the other hand, we will combine the granular computing techniques [32] [33] [34] [35] [36] with our developed method to solve real-life MCDM problems, such as the evaluation of green supply chain initiatives.
